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ABSTRACT
From a survey of 729 cores based on JCMT/SCUBA data, we present an analysis
of 17 candidate starless cores with masses that exceed their stable Jeans masses. We
re-examine the classification of these super-Jeans cores using Spitzer maps and find that
3 are re-classified as protostellar, 11 have ambiguous emission near the core positions,
and 3 appear to be genuinely starless. We suggest the 3 starless and 11 undetermined
super-Jeans cores represent excellent targets for future observational and computational
study to understand the evolution of dense cores and the process of star formation.
1. Introduction
Stars form in dense cores that are supported internally through various mechanisms, such as
thermal pressure (e.g., Larson 2003), magnetic fields (e.g., Shu et al. 1987), or turbulent support
(e.g., Myers 1999). While these mechanisms all likely play an important role in opposing core
self-gravity, their relative significances remain unknown. Understanding the physical properties of
dense molecular cloud cores is paramount to understanding star formation since these regions probe
the conditions prior to the onset of forming stars.
One well-studied property of dense cores is their observed masses. In particular, it has been
noted that dense core mass functions (CMFs), as derived from (sub)millimeter continuum emission
for various clouds, have similar shapes to the stellar initial mass function (IMF; e.g., Motte et al.
1998, Ward-Thompson et al. 2007, Enoch et al. 2008, Nutter et al. 2008). Such similarities support
the notion that CMFs are universal distributions and that dense cores determine the mass of their
stellar products. Indeed, the relationship between CMFs and the IMF is a key problem in star
formation, and reproducing an IMF-like CMF constrains simulations of cloud collapse to dense
cores (e.g., Clark et al. 2008, Bate 2009, Kunz & Mouschovias 2009).
Unfortunately, we do not understand the processes that govern CMFs. Dense cores, themselves,
depend on the balance between pressures from their external environment, internal supports, and
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self-gravity. Taking the simple approximation of a thermally-supported core, we can define its
critical mass by the corresponding Jeans mass. Since molecular cloud cores are typically cold (T
≈ 10 K) and small (∼ 0.07 pc; Di Francesco et al. 2007), their Jeans masses are MJ ≈ 1 M⊙. Even
with low temperatures, thermal pressure is expected to be a dominant support mechanism (Larson
2003). For example, cores in the Ophiuchus, Orion, and Pipe clouds have typical internal thermal
pressures that match the estimated external pressures from the embedding cloud (Johnstone et al.
2000, Johnstone et al. 2001, Lada et al. 2008). Dense cores that balance self-gravity with internal
supports should be “starless”, whereas cores that cannot balance their self-gravity and external
pressure should be forming stars (“protostellar”). Therefore, assuming only thermal supports,
starless cores with masses much greater than their Jeans masses (super-Jeans) are unexpected.
Following large-scale surveys in the infrared (e.g., Evans et al. 2009) and submillimeter (e.g.,
Di Francesco et al. 2008), several studies have identified populations of cores with embedded young
stellar objects (YSOs) and without embedded YSOs (e.g., Jørgensen et al. 2007, Hatchell et al.
2007, Enoch et al. 2008, Nutter et al. 2008, Sadavoy et al. 2010). In these surveys, some cores with
masses ∼ 5 − 10 M⊙ (e.g., Enoch et al. 2008, Sadavoy et al. 2010) have been classified as starless.
Since observations suggest these cores are cold and dense, these starless super-Jeans cores cannot
be supported by thermal pressure alone and represent an interesting sample of objects. Starless
super-Jeans cores require non-thermal supports or must be on the cusp of forming stars.
Here, we examine the 17 most super-Jeans cores in the Sadavoy et al. (2010) survey of 555
starless cores and determine if they appear genuinely starless or if there is evidence of ongoing star
formation. From this analysis, we make a list of interesting objects for future study.
2. Data
We selected our sample of candidate starless cores from the analysis in Sadavoy et al. (2010,
hereafter Paper I). Paper I identified cores using the SCUBA Legacy Catalogue (SLC; see Di Francesco et al.
2008). The cores were originally identified using the algorithm Clumpfind (Williams et al. 1994)
with minimum flux thresholds of 90 mJy beam−1 and minimum sizes of ∼ 9.6′′. We added addi-
tional constraints to the cores, i.e., 850 µm flux of > 150 mJy beam−1. In addition, each core was
visually inspected to remove diffuse objects or artifacts from flat fielding. The SLC had an effective
SCUBA beam of ∼ 23′′ at 850 µm.
In Paper I, Spitzer infrared sources were compared to the submillimeter cores to determine
which cores were starless and which were protostellar. First, a series of color criteria was imposed
on the Spitzer sources. Second, a flux-limited coincidence condition was imposed to associate color-
selected Spitzer sources within a SCUBA core. The infrared data for Ophiuchus and Perseus came
from the “cores to disks” (c2d) program (Evans et al. 2009), whereas the data for Taurus and Orion
were part of independent surveys (Padgett et al. 2010, in prep, Megeath et al. 2010, in prep). See
Paper I for more details on core selection and classification. Table 1 lists the numbers of starless
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and protostellar cores in each of the four clouds along with the assumed temperatures and cloud
distances.
The main focus of Paper I was to develop a robust classification technique and then compare
the starless and protostellar core populations in different clouds to look for trends with environment.
In these comparisons, it was noted that within a given cloud, the starless cores cover similar mass
ranges as the protostellar cores. For Ophiuchus, Taurus, and Perseus, the identified cores had
masses of a few M⊙ at most, whereas for Orion, a high mass star forming region, the identified
protostellar and starless cores had masses reaching ∼ 100 M⊙. Protostellar cores can be massive
(i.e., ∼ 10 M⊙), however there were also many massive cores defined as starless and these “starless”
cores are super-Jeans. In this paper, we will focus on these unusual starless cores for the four well-
sampled clouds in Paper I: Ophiuchus, Taurus, Perseus, and Orion.
3. Results
3.1. Comparison with the Jeans criterion
To determine if our candidate starless cores are stable against gravitational collapse, we com-
pared them to Jeans-critical spheres1 (for a review, see McKee & Ostriker 2007). The Jeans cri-
terion is a simple approximation for exploring the critical conditions of a thermally supported,
spherical cloud of gas. The maximum mass for a stable thermally-supported sphere of a given size
and temperature is:
MJ = 1.9
(
Td
10 K
)(
RJ
0.07 pc
)
M⊙ (1)
where T is the dust temperature of the core andRJ is the Jeans radius. The Jeans mass is dependent
on the temperature and pressure (density), i.e., MJ ∝ T
3/2ρ−1/2, but for simplicity, we express the
Jeans mass as a function of the observables, temperature and radius, in Equation 1. We used the
observed core size to estimate the Jeans radius and we assumed the fiducial temperatures as given
in Table 1. Since the super-Jeans starless cores are generally large (i.e., & 35′′) with respect to the
SCUBA 850 µm beam, the observed size is fairly similar to the deconvolved size. (Deconvolving
the core size would lower the Jeans mass.) In comparison, the equation for deriving the core mass
from dust emission is:
M = 0.074
(
S850
Jy
)(
d
100 pc
)2 (
κ850
0.01 cm2 g−1
)−1 [
exp
(
17 K
T
)
− 1
]
M⊙ (2)
1Here, we are using the Jeans mass as a scale. The critical Bonnor-Ebert mass (Bonnor 1956, Ebert 1955), which
assumes hydrostatic equilibrium, is smaller than the Jeans mass by a factor of ∼ 1.8. Thus a core that is super-Jeans
will also be a super-critical Bonnor-Ebert sphere.
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where S850 is the total 850 µm flux, d is the distance, κ850 is the dust opacity at 850 µm, and T
is the dust temperature. For all cores, we assume κ850 = 0.01 cm
2 g−1, though κ850 can vary by a
factor of two (Henning et al. 1995). The adopted distances and temperatures are given in Table 1.
To first order, we can determine which of our cores are thermally unstable by comparing the
observed mass to the expected Jeans mass. Thermally balanced cores should have M/MJ . 1.
When a thermally-supported spherical mass exceeds the Jeans condition (M/MJ > 1), the sphere
should become unstable and should form a protostar within a free-fall time. We adopted super-
Jeans limits of M/MJ ≥ 2 for Ophiuchus and Taurus and M/MJ ≥ 4.5 for Perseus and Orion. We
chose these limits to identify the starless cores that seemed most unusual relative to the protostellar
cores.
Mass estimates from submillimeter dust emission are only accurate within a factor of a few.
Nevertheless, we are examining cores that are unusual relative to the other cores in the given
cloud and are not comparing individual M/MJ ratios (hence the different limits for the different
clouds). We also assume the same temperature for starless and protostellar cores, thereby, we do
not consider the possibility of internal heating due to a central protostar. From Equations 1 and 2,
M/MJ decreases for higher temperatures. Thus, if protostellar cores are intrinsically warmer than
starless cores, then we are overestimating our protostellar M/MJ ratios.
We adopted temperatures from ammonia surveys published by Friesen et al. (2009, for Ophi-
uchus), Pratap et al. (1997, for Taurus), Rosolowsky et al. (2008, for Perseus), and Wilson et al.
(1999, for Orion). For the cores in our sample with ammonia-derived temperatures, we compared
the average temperature between the starless and protostellar populations. Generally, the temper-
atures of the two populations agreed within 1 K. In Perseus, for example, we found an average
starless core temperature of 12.5 ± 2.7 K with 39 starless cores and an average protostellar core
temperature of 12.2 ± 1.6 K with 35 protostellar cores. Unfortunately, the other clouds had far
fewer cores with ammonia-derived temperatures. For example, we found only 9 starless cores and
2 protostellar cores listed in the survey by Friesen et al. (2009) for Ophiuchus, 1 starless core and
1 protostellar core in Benson & Myers (1989)2 for Taurus, and 7 starless cores and 3 protostellar
cores in Wilson et al. (1999) for Orion.
Since the two core populations gave similar temperatures, we adopted a single temperature for
both starless and protostellar cores based on the average core temperature across the entire cloud
(see Table 1). Nevertheless, the uncertainty in core temperature remains a moderate concern. Ide-
ally, we would want accurate temperatures for each individual core, e.g., through detailed ammonia
observations or with Herschel observations.
2 Pratap et al. (1997) only published the average ammonia-derived temperature for their entire survey and not
the temperatures from individual cores.
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3.2. Re-examining the Super-Jeans Starless Cores
There were 729 dense cores identified as starless or protosellar in Paper I for our clouds. The
majority of these dense cores are sub-critical (M/MJ < 1). Of the 555 starless cores in Paper I,
only 17 had M/MJ ratios greater than 2 (for Ophiuchus and Taurus) or 4.5 (for Perseus and Orion).
We will not discuss cores with M/MJ values that fall below these super-critical ratios.
Although we find 17 candidate starless super-Jeans cores, it is possible these cores are misiden-
tified protostellar cores. In Paper I, YSO candidates were selected based on specific colors and firm
Spitzer detections. To determine if our 17 candidate starless super-Jeans cores are really starless,
we examined Spitzer images and the literature. The results are given in Table 2 and discussed
below.
3.2.1. Starless Super-Jeans Cores
Of our 17 super-Jeans starless candidates, we found that 3 appear to be genuinely starless in
the Spitzer maps (see Figures 1a,b,c). These are Oph-2 (M/MJ = 2.05), Per-2 (M/MJ = 4.79), and
Per-6 (M/MJ = 4.94). For these cores, there are no infrared sources towards them in any of the
Spitzer bands. Therefore, these cores represent an unusual physical state and should be interesting
targets for future study.
In the literature, however, these three cores have been cited as protostellar. For example,
Jørgensen et al. (2008) considered Oph-2 to be protostellar using a measure of the core concentra-
tion (C = 0.74) and Nutter et al. (2006) considered Oph-2 to be protostellar due to the proximity of
the infrared source IRAS 16293-2442E. Surprisingly, there is no Spitzer emission corresponding to
IRAS 16293-2442E. Similarly, Per-2 and Per-6 have been labeled as protostellar (see Hatchell et al.
2007 and Enoch et al. 2008), though we do not observe any infrared sources towards these cores
at any of the Spitzer wavelengths. Thus, these three cores appear to be starless cores with masses
that well exceed their predicted Jeans mass by factors of 2-5.
3.2.2. Misidentified Protostellar Cores
Of our 17 candidate starless super-Jeans cores, only 3 (Tau-1, Tau-2, and Per-7) were re-
classified as protostellar. For Taurus, Tau-1 and Tau-2 are located in L1551, which was not ob-
served by the Taurus Spitzer Survey team (see Padgett et al. 2010, in prep). Infrared maps of
L1551 by Fazio et al. (taken from the Spitzer archive) revealed compact infrared emission across
all wavelengths and asymmetric nebulosity towards both cores (see Figure 1d). Both cores are as-
sociated with X-ray emission suggesting accretion (Gu¨del et al. 2007) as well as associated outflows
and reflection nebulae (Hayashi & Pyo 2009). Similarly, Per-7 was misidentified as starless due to
insufficient infrared observations towards the core (Per-7 is the deeply embedded Class 0 source,
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IRAS 4A). Per-7 was misidentified as starless in Paper I due to poor IRAC detections (see lack
of 8.0 µm emission in Figure 1c) towards the core. As a result, Per-7 failed the color criteria in
Paper I and was classified as starless.
3.2.3. Undetermined Sources
Most of our candidate starless super-Jeans cores are located in clustered environments (e.g.,
all five candidates in Orion are in OMC-1). The infrared emission towards cores in crowded en-
vironments can be obscured, such as from infrared emission of nearby, more evolved YSOs. As
such, faint protostellar emission might be lost, contaminated or misinterpreted (i.e., emission from
outflow shocks could be mistaken for protostellar signatures; see Hatchell & Dunham 2009).
We identified 11 of our 17 candidate cores as having “undetermined” classifications, where the
presence or absence of protostellar associations was ambiguous. These undetermined cores include
one core in Ophiuchus and five each in Perseus and Orion. For Orion, there was significant large-
scale nebulosity observed towards each of the five cores. Therefore, any faint infrared emission
from a protostar could be easily lost by this large-scale nebulosity. For the undetermined sources
in Ophiuchus and Perseus, there were nearby bright infrared sources. For example, Figure 1e
shows the 8 µm map around Oph-1. There is no obvious compact infrared emission towards
Oph-1, however, the core is located near a bright infrared object, possibly the T Tauri star BF-
10 (Imanishi et al. 2003). Only Per-8 appears to have a compact infrared source towards it (see
Figure 1f), however, this infrared source has fairly blue colors and would fail the YSO-selecting
color criteria from Evans et al. (2009), Megeath et al. (2009), and Paper I. Thus, the compact
infrared source towards Per-8 could be a chance coincidence from an object external to the cloud.
4. Discussion
Table 2 lists the new classifications for each of our candidate starless super-Jeans cores and
Figure 2 illustrates the M/MJ ratios using these final classifications. With the new classification
system, most of the super-Jeans cores in each cloud are undetermined or protostellar. For example,
all super-Jeans cores in Taurus are protostellar. In Ophiuchus and Perseus, there are a few starless
super-Jeans cores near our imposed M/MJ limit, whereas the undetermined super-Jeans cores can
have very large M/MJ ratios.
Super-Jeans cores can only be starless if they have non-thermal processes providing internal
support. Therefore, these cores are excellent test cases for exploring these processes, such as
rotation, turbulence, or magnetic fields. If non-thermal mechanisms play a significant role in the
evolution of dense cores into stars, then it is important to understand when and how they influence
their evolution.
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Alternatively, it is possible that these cores are unresolved and only appear massive because
they are blends from several less massive cores (i.e., from line-of-sight coincidences or fragmen-
tation). Since our effective SCUBA beam is ∼ 23′′, we cannot detect structure on scales smaller
than 0.014 pc (for Ophiuchus) or 0.028 pc (for Perseus). In addition, many stars are multiples
(Duquennoy & Mayor 1991), so fragmentation in cores is expected, though when this process oc-
curs is unknown. Dense cores, however, generally show narrow, single line emission compared to
their parent cloud (e.g., Tatematsu et al. 2004, Kirk et al. 2007, Friesen et al. 2009, Pineda et al.
2010), thus it becomes unlikely that they are line-of-sight coincidences. As well, there are few
observations of potential core fragmentation (e.g., Kirk et al. 2009) and for the most part, dense
cores appear to be smooth (see Olmi et al. 2005, Schnee et al. 2010).
For the undetermined super-Jeans cores, most are found in highly crowded regions (i.e., NGC
1333, OMC-1), where crowding and highly energetic events (i.e., outflows) confuse protostellar
emission and could result in undetermined classification. Determining whether these cores are star-
less or protostellar is still very important. If all the undetermined super-Jeans cores are starless,
then massive starless cores may be linked to crowded environments. Such an observation would
suggest that CMFs depend on environment. If all the undetermined super-Jeans cores are proto-
stellar, then massive cores tend to be evolved (as proposed before, e.g., see Enoch et al. 2008). In
this case, CMFs would lack the massive core tail required to reproduce the IMF.
We caution that in these very crowded environments, the temperature may be higher than in
more isolated regions. There is a large temperature dependence in the M/MJ ratio (see Equations
1 and 2). If the undetermined super-Jeans cores have underestimated temperatures, then we are
overestimating the M/MJ ratio. In recent study of Perseus by Schnee et al. (2009), however, the
starless core temperatures were relatively constant (within a few Kelvin) over the cloud. Future
study with Herschel should reveal the temperature structure in these dense cores.
5. Conclusions
From a sample of 555 starless dense cores (see Paper I), we identified 17 cores with masses
that exceeded their expected Jeans mass. We examined the classification of these 17 candidate
starless super-Jeans cores more closely using Spitzer maps at 3.6-24 µm and only three (Oph-2,
Per-2, and Per-6) maintained their classification as starless super-Jeans cores based on no apparent
infrared emission towards the location of the corresponding cores. These 3 starless super-Jeans
cores represent excellent observational targets for future studies. Starless super-Jeans cores should
be thermally unstable, requiring additional non-thermal supports to prevent collapse. Therefore,
these three cores might represent the cusp of the pre-stellar stage just prior to the onset of star
formation.
In addition, we labeled 11 of our 17 candidate cores with an “undetermined” classification (see
Table 2), due to ambiguous infrared emission towards the core. These undetermined super-Jeans
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cores are also very interesting targets for follow-up study since their classifications could point to a
mass bias in the CMF, which in turn, could affect the observed relation between the CMF and the
IMF. Finally, of these 17 candidates, we re-classified 3 objects as protostellar (these 3 cores were
misidentified as starless in Paper I due to incomplete or undetected fluxes in the IRAC bands).
Here, we have created a list of interesting targets for follow-up observations both photomet-
rically (i.e., with interferometric continuum observations) or spectroscopically (i.e., with tracers
for infall or rotation). For example, we can use high resolution interferometric observations to
distinguish between an unstable, centrally peaked density structure and a smooth, stable density
profile. Such observations could be very useful in constraining simulations of dense core collapse
and formation. Our starless super-Jeans cores may represent the strongest cases of significant non-
thermal supports and our undetermined super-Jeans cores could represent a mass bias in CMFs.
Therefore, further study of these few starless and undetermined super-Jeans cores (out of hundreds
of cores in these regions) is important to understand the processes involved in star formation.
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Table 1: Starless and Protostellar Cores in Gould Belt Clouds
Cloud
Temperaturea Distanceb Starless Protostellar
(K) (pc) Cores Cores
Ophiuchus 15 125 97 27
Taurus 13 140 69 18
Perseus 11 250 97 46
Orion 20 450 292 83
aReferences for temperature are Friesen et al. (2009), Pratap et al. (1997), Rosolowsky et al. (2008), and Wilson et al.
(1999), respectively.
bReferences for distance are Enoch et al. (2009), Goldsmith et al. (2008), Enoch et al. (2009), and Peterson & Megeath
(2008), respectively.
Table 2: Candidate Starless Super-Jeans Coresa
No. SCUBA Core Nearby Sourcesb Mass Reff M/MJ New Classification
c
(J2000.0) (M⊙) (pc)
Oph-1 J162659.2−243420 Oph C-MM3 5.3 0.060 2.2 undetermined
Oph-2 J163229.0−242906 IRAS 16293-2422E 3.2 0.038 2.1 starless
Tau-1 J043134.1+180802 LDN 1551 IRS 5 7.3 0.057 3.6 protostellar
Tau-2 J043144.6+180832 LDN 1551NE 3.8 0.047 2.3 protostellar
Per-1 J032855.2+311437 IRAS 2A 12 0.062 6.7 undetermined
Per-2 J032859.5+312131 · · · 7.6 0.053 4.8 starless
Per-3 J032901.3+312031 IRAS 6 15 0.059 8.6 undetermined
Per-4 J032903.1+311555 NGC 1333 13A 18 0.047 13 undetermined
Per-5 J032906.4+311537 HH 8 6.5 0.040 5.5 undetermined
Per-6 J032908.7+311513 · · · 8.1 0.055 4.9 starless
Per-7 J032910.1+311331 IRAS 4A 25 0.045 18 protostellar
Per-8 J033217.6+304947 IRAS 03292+3039 7.2 0.055 4.4 undetermined
Ori-1 J053514.4−052232 SMA 1 1200 0.17 130 undetermined
Ori-2 J053514.4−052608 COUP 617 150 0.19 15 undetermined
Ori-3 J053516.8−051926 OMC-N4 160 0.16 19 undetermined
Ori-4 J053522.0−052508 COUP 1194 80 0.13 11 undetermined
Ori-5 J053524.8−052220 COUP 1314 35 0.13 5.0 undetermined
aSuper-Jeans cores were defined based on M/MJ > 2 for Ophiuchus and Taurus and M/MJ > 4.5 for Perseus and
Orion.
bNearby sources were obtained using SIMBAD.
cSee §3.2 for explanations.
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Fig. 1.— Spitzer 8 µm images of super-Jeans cores in Ophiuchus, Taurus, and Perseus. Crosses
denote the locations of peak 850 µm intensity for each respective core and the contours denote 850
µm fluxes from 0.2 - 2.0 Jy beam−1 in steps of 0.2 Jy beam−1.
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Fig. 2.— Comparison of core mass, scaled by the Jeans mass, with observed core size for our
starless, undetermined, and protostellar cores (as classified here). Masses were calculated using the
temperatures found in Table 1. The dashed lines indicate M/MJ = 2 for Ophiuchus and Taurus
and M/MJ = 4.5 for Perseus and Orion, respectively.
